We report planar waveguide-coupled octagonal microdisk channel add -drop filters on silicon nitride-on-silica substrates. Using ray optics, we show that discrete octagonal cavities have wave-front-matched four-and eight-bounce ray orbits. From a planar waveguide-coupled 50-mm-sized octagonal microdisk filter, our experiment demonstrates TM-polarized eight-bounce modes with a coupling efficiency of ϳ56%, Q ഠ 1150, and a finesse of ϳ5. Using the two-dimensional finite-difference time-domain method, we obtain qualitative agreement between measurement and simulation of a smaller-sized waveguide-coupled octagonal microdisk filter. In this Letter we report, for the first time to our knowledge, planar waveguide-coupled octagonal microdisk (m-disk) channel add-drop filters on silicon nitride-on-silica substrates. Octagonal m-disk cavities have two main advantages: (1) the relatively large number of f lat cavity sidewalls permits whisperinggallery-like modes to circulate inside the cavity and to couple laterally with straight waveguides along the cavity f lat sidewalls and (2) the existence of four-and eight-bounce ray orbits for wave-front-matching, permitting potential mode tuning between the two types of orbit. However, the main concerns with octagonal m-disks relate to (1) phase matching with the lateral waveguides and (2) the diffractive loss at the cavity corners.
Planar waveguide-coupled microresonators (mresonators) in the shape of a circular disk and ring, 1, 2 a racetrack, 3 and a polygon 4 -7 have been gaining considerable interest for use in channel add-drop applications in wavelength-division multiplexed communications. Light waves can be partially conf ined by total internal ref lection at the dielectric m-resonator sidewalls. Optical resonances can be excited only when the round-trip light wave is wave-front-matched with the input-coupled light wave. Although circular m-resonators have been the most investigated, the short interaction length between the curved cavity sidewall and the straight waveguide sidewall imposes a submicrometer air-gap separation for the evanescent coupling. Recently, square m-resonators that have a long interaction length along the entire f lat cavity sidewall have been proposed as an alternative to ease the air-gap fabrication tolerance. 4 -7 Multimodes in square m-resonators have been experimentally demonstrated by Gaussian beam coupling 6 and by prism coupling. 7 In this Letter we report, for the first time to our knowledge, planar waveguide-coupled octagonal microdisk (m-disk) channel add-drop filters on silicon nitride-on-silica substrates. Octagonal m-disk cavities have two main advantages: (1) the relatively large number of f lat cavity sidewalls permits whisperinggallery-like modes to circulate inside the cavity and to couple laterally with straight waveguides along the cavity f lat sidewalls and (2) the existence of four-and eight-bounce ray orbits for wave-front-matching, permitting potential mode tuning between the two types of orbit. However, the main concerns with octagonal m-disks relate to (1) phase matching with the lateral waveguides and (2) the diffractive loss at the cavity corners. Figure 1 (a) shows a regular octagonal cavity of side length a (b) and sidewall-to-sidewall distance L. We consider a four-bounce closed ray orbit (solid lines) with an incident angle u 45 ± and an eight-bounce closed ray orbit (dashed lines) with u 67. 
where n is the refractive-index contrast, k is the vacuum wave number, l 2L͑cos u 1 sin u͒ is the wave-front-matched four-bounce round-trip path length, 6 F͑u͒ and F͑90 ± 2 u͒ are the total internal ref lection phase shifts at u and ͑90 ± 2 u͒, respectively, and m is an integer number of wavelengths along the wave-front-matched ray orbit. To form a four-bounce ray orbit for at least one round trip in a regular octagonal cavity, one must satisfy the following condition according to ray tracing: 37.2 ± , u , 54.7 ± . Similarly, the wave-front-matching condition of the eight-bounce ray orbits [denoted as ABCDEFGHIJ in Fig. 1 
where l 4a sin u 1 4b cos͑u 2 45 ± ͒ is the wavefront-matched eight-bounce round-trip path length. The eight-bounce round-trip condition is 64.1 ± , u , 70.2 ± according to ray tracing. By choosing u, we can selectively couple with four-or eight-bounce modes. For waveguide-coupled octagonal m-disks, we can choose u by varying the waveguide width. Using Eq. (1) or (2), we obtain the free spectral range (FSR) of the four-or eight-bounce modes approximately as FSR ഠ l 2 ͞nl, where l is the resonance wavelength. Figure 2(a) shows a schematic layout of a planar waveguide-coupled octagonal m-disk channel adddrop f ilter. Figure 2 (b) illustrates a cross-sectional schematic of the filter. In our initial design we adopted a nonregular octagonal cavity shape with a 25 mm, b 17.68 mm, and L 50 mm. The designed air-gap separation, g, is 0.35 mm. The designed waveguide width, w, is 1 mm for ease of light input coupling from an external light source.
We employed standard silicon microelectronic fabrication processes. A silica undercladding layer ϳ1 mm thick (refractive index n ഠ 1.43 according to ellipsometry) was deposited by wet oxidation on a silicon substrate, followed by chemical-vapor deposition of a low-stress silicon nitride film ϳ1.3 mm thick (refractive index n ഠ 1.99 according to ellipsometry). The stack-layered structure was air clad. The filter pattern was def ined by photolithography and transferred onto the nitride layer by plasma etching. The etched waveguide (and m-disk) has a rib structure of height h ഠ 1 mm. Figure 2(c) shows a top-view scanning electron micrograph of the fabricated f ilter. The drop waveguide is bent 180 ± (with a 100-mm radius) to permit the drop port to be imaged simultaneously with the throughput and the add port. The fabricated filter has w ഠ 0.94 mm, g ഠ 0.41 mm, L ഠ 49.4 mm, a ഠ 24.7 mm, and b ഠ 17.5 mm.
A wavelength-tunable external-cavity diode laser (1510-1580-nm wavelength, linewidth ഠ300 kHz) was end fired to the input port by use of a tapered polarization-maintaining single-mode f iber (with a working distance of 6 mm and a spot size of 2.5 mm). We imaged the throughput and the drop-port output separately with an objective lens (N.A., 0.4) onto a 62.5-mm-core multimode f iber after a TM-TE analyzer and then lock-in detected the output with a photodiode detector. A near-IR intensif ied CCD camera was employed to monitor the transmission intensity from the throughput and drop waveguides. We also imaged the scattered light with a top-view microscope and the intensified CCD camera. The spectral resolution was 0.02 nm, limited by the wavelengthtuning steps.
Figures 3(a) and 3(b) show the measured TMpolarized (E Ќ chip) throughput and drop spectra of the fabricated waveguide-coupled octagonal m-disk filter. The spectra are normalized with the transmitted intensity from the tapered f iber. We demonstrate a single set of resonances with Q values of ഠ1150 and a coupling eff iciency of ϳ56%. The measured FSR is ϳ7.10 nm, which is consistent with the eight-bounce-mode FSR calculated using Eq. (2), assuming that u 71.565
± . The f inesse is ϳ5. Inset (i) of Fig. 3(a) shows a side-view near-f ield image of the throughput and drop output at resonance wavelength 1536.65 nm. The absence of observable add-port output in the image suggests that the waveguidecoupled octagonal m-disk supports traveling wave modes. Inset (ii) of Fig. 3(a) shows a top-view image (unpolarized) of the scattering intensity at resonance wavelength 1536.65 nm. The on-resonance image shows pronounced scattering near the cavity rim, which suggests that the resonant orbits impinge on all eight cavity sidewalls. We employed a commercially available twodimensional finite-difference time-domain (FDTD) simulation tool to study numerically the optical modes in waveguide-coupled octagonal m-disks. We chose n 2 to simulate the air-clad silicon nitride filters. A single 5.17-fs Gaussian pulse centered at vacuum wavelength 1.55 mm was launched into the input waveguide as a TM-polarized fundamental slab waveguide mode. We adopted a 25-nm grid size and a 0.04-fs temporal resolution. The spectral resolution was ϳ0.75 nm. We used a 1.5-mm perfectly matched layer with a ref lectivity of 10 28 . We simulated mode field patterns by launching a continuous wave at resonance wavelengths. Figure 4 (a) shows the preliminary FDTD simulated throughput and drop spectra of the waveguidecoupled regular octagonal m-disk f ilter of L 5 mm, w 0.5 mm, and g 0.2 mm. At resonance A (1540.2 nm), we obtain a coupling eff iciency of ϳ96%, Q ഠ 300, and an on-off ratio of 11.8 dB. The simulated FSR is 76.7 nm. The simulated finesse is ϳ17. The filter performance can be further optimized. Figure 4(b) shows the simulated TM-polarized eightbounce traveling-wave mode f ield pattern at wavelength A. The simulated mode f ield pattern agrees qualitatively with our top-view on-resonance scattering intensity micrograph.
Using a simple Fabry-Perot model, 1 we extracted from our experimental data (Fig. 3) the result that the waveguide-microdisk coupling is ϳ9.6% and the propagation loss is ϳ14.8 dB͞cm. Similarly, from our two-dimensional FDTD simulation of a smaller-sized octagonal m-disk device (Fig. 4) , we obtained the result that the waveguide-microdisk coupling is ϳ2.4% and the propagation loss is ϳ20 dB͞cm. The propagation losses in our fabricated devices consist of the following: (i) surface scattering loss (as indicated from top-view images), (ii) cavity corner leakage, and (iii) material absorption (ϳ3.5 dB͞cm near 1550 nm in silicon nitride 2 ). In our simulations, surface scattering and absorption are not taken into account, and thus the simulated propagation loss is dominated by the cavity corner leakage. Therefore, we expect that the corner leakage can be signif icant in our fabricated octagonal m-disks. Moreover, the corner leakage could cause the total normalized intensity of the throughput and the drop port at resonance to be less than 1, as evidenced in our simulation (Fig. 4) . We believe that the corner leakage is a partial reason why the drop-port intensity is low. Fabrication irregularities can also result in asymmetric input and output coupling, which could reduce the drop-port intensity.
In conclusion, we have experimentally demonstrated what is believed to be the first octagonal m-disk channel add-drop filters on silicon nitride-on-silica substrates. Ray tracing on an octagonal cavity illustrates the wave-front-matched four-and eight-bounce ray orbits. Our measurement of a waveguide-coupled 50-mm-sized octagonal m-disk filter reveals reasonable filter characteristics with a coupling efficiency exceeding 50%, a Q exceeding 1000, and a f inesse of ϳ5. TM-polarized eight-bounce modes are preferentially coupled. Preliminary FDTD simulations are in qualitative agreement with the experimental data.
